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ABSTRACT

Channel bandwidth and manufacturing process have become two limitations in
today’s high speed designs. In order to overcome the channel bandwidth limitation,
multilevel signaling is seen as one of the ways to achieve higher data rates. Using multilevel
signaling as the coding scheme will impose new challenges in high speed serial link design.
Due to manufacturing limitations, only transmission lines with meshed ground planes are
allowed in some applications. Meshed power and ground planes have been widely used in
today’s flexible PCB designs to satisfy repeatability installation and reliability
requirements.
In Section 1, high speed serial link design with PAM4 signaling is investigated.
Specifics of DFE and FFE equalizers for PAM4 are discussed. Tests on channels with
different properties are done to reveal the advantages and drawbacks of PAM4 compared
to NRZ.
In Section 2, an equivalent transmission line model is used to extract the effective
characteristic impedance of the transmission lines with meshed ground planes. The results
are confirmed with full-wave simulations. Then by using DoE method, the characteristic
impedance can be predicted when the geometry is in a given range.
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1. HIGH SPEED SERIAL LINK DESIGN USING MULTI-LEVEL SIGNALING
1.1. INTRODUCTION
Multi-level signaling is widely discussed in recent years as an alternative coding
scheme to binary modulation NRZ (Non Return to Zero) signaling to overcome the
bandwidth limitations of the channel and respond to the increasing demand for higher data
rates. Now most attention is paid to PAM4 (Pulse Amplitude Modulation). The standard
amendment 802.3bj “Physical Layer Specifications and Management Parameters for
100Gb/s Operation over Backplanes and Copper Cables” defines two different approaches
for 100Gb/s backplane – using PAM4 and NRZ coding[1][2]. PAM4 is also topic of active
discussion of the Study Group on the upcoming standard 802.3bs for Development of the
IEEE P802.3bs 400 Gigabit Ethernet (GbE) project that considers 100Gbps over each of 4
lanes or 50Gbps over each of 8 lanes[3].
PAM4 encodes two NRZ bits in one symbol. Figure 1.1 shows an example of
converting binary signal to PAM4 signal using gray-coding. Since 4 levels impose new
challenges and constraints on the usage of this modulation type, it is important to reveal
the similarities and differences in link-path analysis for both signaling type, as well as to
provide comparison analysis with NRZ for different types of serial links and backplanes.
The equalizers also play an important role with PAM4 encoding, thus the methodology of
equalizations also needs to be defined for PAM4 signaling. The PAM4 methodology will
also open a new door for other higher order modulation schemes, such as PAM8, PAM16,
etc.
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Figure 1.1. Gray-coding of NRZ signal to PAM4 signal
1.2. ADVANTAGES AND CHALLENGES OF PAM4 SIGNALING
PAM4 allows achieving the same data rate using half of the bandwidth compared
to NRZ. Considering that the channel bandwidth has become one of the main limitations
in today’s high speed system designs, using PAM4 encoding scheme can be a good solution
to overcome it. Since the symbol rate with PAM4 is half that of NRZ, the signal suffers
less from channel loss as shown in Figure 1.2. As crosstalk is often of high-pass feature,
the crosstalk to insertion loss ratio may be larger at half of the frequency bandwidth
(Nyquist frequency for NRZ) than one fourth of the frequency bandwidth (Nyquist
frequency for PAM4)[4]. Also the unit interval or symbol length for PAM4 will be twice
the length of an NRZ symbol, so PAM4 tends to have a larger eye width. The advantages
of PAM4 at channel loss make it possible to achieve high-speed systems with cheap and
lossy materials.
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Differential IL
40 Gbps

-20 dB

PAM4 Nyquist
Frequency

-34 dB
NRZ Nyquist
Frequency

Figure 1.2. Insertion loss comparison between PAM4 and NRZ
The 4-level for PAM4 brings some challenges. First of all, additional voltage levels
with PAM4 reduce level spacing by a factor of 3 (9.5 dB), as it has three eyes instead on
one eye of NRZ. It also means that the receiver must have three slicers – one slicer for each
eye. Definition of proper slicers are important for PAM4 as the DFE equalizer, bathtub and
BER calculation will depend on the slicers[6][7]. Upper and lower slicers for PAM4 can
be defined as intersection of transitions (2-3; 3-2) and (0-1; 1-0), respectively as shown in
Figure 1.3.
3
Slicer 3
2
Slicer 2
1
Slicer 1
0
Figure 1.3. PAM4 slicers
Additional challenge is presented by 16 transitions of PAM4 as opposed to 4
transitions of NRZ. These 16 transitions will cause inherent transition jitter in PAM4
signal. From Figure 1.4, it can be shown that the eye width of the upper eye or lower eye
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is 2UI-2/3t_rise , less than 2UI even before the channel, where UI is the unit interval for
NRZ. The inherent transition jitter is one third of the rise time. The upper eyes and lower
eyes are also not symmetrical regarding horizontal slicers even in ideal conditions, which
makes it more difficult to translate eye diagram results correctly.
W – Eye width

Transition Jitter = 1/3 t_rise

Figure 1.4. PAM4 transition jitter
Assume the total transmission jitter of UI in percentage is p, so the NRZ eye width
at transmission side is equal to (1-2p)UI . The PAM4 upper eye width with the same
amount of jitter is (1-2p)  2UI-2/3t_rise . If NRZ eye width and PAM4 eye width are the
same, then p=1/2-t_rise/3/UI . Assume the rise time is 20 percent of the unit interval of
PAM4, which means t_rise/2UI=0.2 , therefore p=0.36 . So if 36% of NRZ UI is
considered, then the eye width before the channel for PAM4 and NRZ will be the same
without taking jitter amplification into account.
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1.3. EQUALIZATION SPECIFICS FOR PAM4 SIGNALING
The equalizers also play an important role with PAM4 encoding. FFE and DFE are
two common equalizers that are widely used in serial link systems.
1.3.1. FFE for PAM4. FFE is the abbreviation for feed-forward equalizer, which
is a finite impulse response (FIR) filter as shown in Figure 1.5. The output of the equalizer,
y(k), is expressed as the discrete convolution of the input signal, x(k), with the equalizer
tap coefficients,

y (k ) 

cn , :
N

 x ( k  n)  c

n  N

n

(1)

Figure 1.5. Feed-forward equalizer
FFE for PAM4 in general is the same as for NRZ. But the overshooting affects
PAM4 more, so the main cursor of FFE for PAM4 cannot be taken as low as for NRZ. This
effect can be seen easily at the transmitter side. By applying a two-tap de-emphasis at the
transmitter, the highest level 0 is 1-2c0 and the lowest level 1 is 2c0 -1 . So the level 0 and
level 1 start to mix when the main cursor, c 0 , is less than 0.5 for NRZ. But for PAM4
levels, they start to intersect when the FFE main cursor is less than 0.75. For example, the
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first-to-third levels are equalized to -c1  c0 / 3 and fourth-to-fourth levels are equalized to

c1  c0 . Since c1 =c0 -1 , if -c1 +c0 /3>c1 +c0 , then c 0 is less than 0.75 as illustrated in
Figure 1.6. Obviously, the PAM4 levels will not mix at the receiver due to channel loss
when the main cursor is 0.75 and the more lossy is the channel, the lower the FFE main
cursor can go. But in the overall, FFE of multi-level signal has always more restriction of
the main cursor, comparing to NRZ, to avoid level intersection.
De-emphasized signal with c(-1)=-0.38, c(0)=0.5, c(1)=-0.12

De-emphasized signal with c(-1)=-0.15, c(0)=0.75, c(1)=-0.1

Figure 1.6. Level mixing in NRZ and PAM4
For example, the 3-tap FFE with least mean square optimization is applied at the
data rate that the difference between insertion losses at Nyquist Frequencies for both
signals is 9.5dB. Obtained coefficients are (-0.1, 0.57, -0.33) for NRZ and (-0.05, 0.72, -
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0.23) for PAM4. If the coefficients of NRZ are used for PAM4, all 3 eyes decrease as

Voltage(V)

shown in Figure 1.7 because of overshooting and mixing of levels.

Figure 1.7. Level-mixing effects in PAM4
1.3.2. DFE for PAM4.

The decision feedback equalizer (DFE) is a non-linear

filter that makes use of previous decisions to estimate and subtract inter-symbol
interference (ISI) from the input stream. The slicer makes a symbol decision when a signal
comes and the results are fed back to the slicer input to cancel ISI. The formula for an ideal
DFE is:
DFE
DFE
VkDFE  Vk  d1 f VkDFE
UI   d 2 f Vk  2UI   ...  d n f Vk nUI 

(2)

Where VkDFE is the output of the decision feedback equalizer, Vk is the input stream
and f (x) is the decision making function at the slicer. For PAM4 signaling, f (x) is
calculated as follows:

f  x   1 if slicer3  x;
f  x   1 / 3 if slicer2  x  slicer3 ,
f  x   1 / 3 if slicer1  x  slicer2 ;
f  x   1 if x  slicer1

(3)
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In reality, DFE is often used together with FFE or CTLE. So the FFE and DFE
combined optimization becomes another challenge. If the optimized tap values for FFE
only are used, the results are usually worse after DFE. An example is shown in Figure 1.8
and Figure 1.9.

Figure 1.8. Eye opening with 0.77 FFE main tap

Figure 1.9. Eye opening with 0.92 FFE main tap
The FFE coefficients are chosen by least-mean-square optimization and the eye
height after FFE is 101mV in Figure 1.8. Then after an optimized 14-tap DFE, the final
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eye height is 151mV. In Figure 1.9 only 55mV eye height is obtained after FFE, but finally
180mV eye height is achieved after DFE, which is about 20% more than the previous case.
The main reason of this effect is that the signal level is decreased when the main
cursor of the FFE coefficients goes lower. The FFE main cursor value is 0.77 in the first
case, while 0.92 in the second case. The DFE in both cases can remove the ISI efficiently
but the signal level in the first case is lower. So the FFE and DFE combined optimization
is another challenge for PAM4.

1.4. COMPARISON TESTS BETWEEN PAM4 AND NRZ
The transient simulation for PAM4 signaling is integrated into FEMAS, the internal
channel analysis tool. Comparison tests are carried out using this tool.
1.4.1. Test Channel Topology and Simulation Methodology.
done on 12-port S-parameters as shown in Figure 1.10.

Aggressor
Aggressor

Thru
Thru
Aggressor
Aggressor
Figure 1.10. Simulation Schematic in FEMAS

The tests are
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For NRZ, pseudo random bit sequence (PRBS14) was used and since PAM4 bit
length is twice the length of NRZ, pseudo random quaternary sequence (PRQS7) is used.
FFE, CTLE and DFE are used as equalizers. For finding best tap coefficients, least-square
optimization methods are used. Optimization methods for PAM4 equalizers are using the
same approach as for NRZ, but are adjusted for three slicers of PAM4. For comparison
purposes, the same number of tap coefficients was used for the same speed NRZ and
PAM4. Simulation includes one differential ‘Thru’ and two differential aggressors. On
transmitter side, random jitter with 5% of UI and periodic jitter with 10% of UI amplitude
and 10 MHz frequency are injected. Rise-fall time is taken 20% of UI for each channel.
Source and termination impedances are matched. Figure 1.11 shows the channel structure.

Figure 1.11. The structure of the end to end channel topology
The block structure given in the above figure is an end to end channel topology
with 2 daughter cards connected together using a backplane with two high speed connectors
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in the path. The overall trace length is 22 inches with 3 inches on line card 1, 14 inches on
backplane and 5 inches on line card 2.
Simulations have been performed for the following data rates: 10 Gbps, 16 Gbps,
20 Gbps, 25 Gbps, 28 Gbps, 32 Gbps, 40 Gbps, 50 Gbps and 56 Gbps. The equalizers used
for each data rate are given in Table 1.1:
Table 1.1. Equalizer setting in the tests
Data rate

FFE

DFE

CTLE

10 Gbps

5-tap

No

No

16 Gbps

5-tap

5-tap

No

20 Gbps

5-tap

5-tap

No

25 Gbps

5-tap

6-tap

No

28 Gbps

5-tap

7-tap

Yes

32 Gbps

5-tap

8-tap

Yes

40 Gbps

5-tap

9-tap

Yes

50 Gbps

5-tap

10-tap

Yes

56 Gbps

5-tap

10-tap

Yes

1.4.2. Results Analysis Methodology.

The eye height results and eye width

results of both NRZ and PAM4 simulation results are recorded. An example of NRZ eye
diagram and PAM4 eye diagram is shown in Figure 1.12 and Figure 1.13.
The PAM4 eye heights are compared to NRZ eye heights. The data rates that PAM4
gives better eye height results are determined and the dB differences in insertion loss at
Nyquist frequency are also obtained as shown in Figure 1.14 and Figure 1.15.
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Figure 1.12. NRZ eye diagram in FEMAS

Figure 1.13. PAM4 eye diagram in FEMAS
Eye Height

.

27Gbps

Figure 1.14. Eye heights comparison between NRZ and PAM4
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Difference of Insertion Loss for Ny Frequencies at crucial
data rate for PAM4 and NRZ

10.0dB
27Gbp
s

Figure 1.15. Difference of insertion loss for Nyquist frequency at the crucial data rate for
PAM4 and NRZ
The PAM4 eye widths are compared to NRZ eye widths as well. As shown in
Figure 1.16, PAM4 always gives better eye widths results with these settings in spite of the
inherent transient jitter. It is the natural advantage of PAM4 that its UI is twice the UI of
NRZ. So most attention is paid to the eye height results in the tests.
Eye Width

Figure 1.16. Eye widths comparison between PAM4 and NRZ
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1.4.3. The Effect of Impedance Mismatch.

To investigate the effect of

reflection, five files with source and termination impedance ±15% mismatch were tested.
The insertion losses and reflection losses of these five files are shown in Figure
1.17. And Figure 1.18 shows the crucial data rates and dB differences of these five cases.
Additional reflection loss affects PAM4 more than NRZ, therefore crucial data rates
become higher than the nominal case.
Differential RL

Differential IL
Source and load
Impedance mismatch

H = +15% impedance
L = -15% Impedance

Figure 1.17. Return losses and insertion losses of the files with impedance mismatch

15

12.4 dB (HLHL)
12.2 dB (LHLH)

11.5 dB (NNNN)

11.2 dB (HHLL)

11.4 dB (LLHH)

Figure 1.18. The crucial data rates and the corresponding dB differences
1.4.4. Results Comparison with Different Materials. Tests were done on three
materials with different loss. The Df values are 0.002, 0.01 and 0.02 respectively. The
insertion loss of these three channels are shown in Figure 1.19.

IL

High loss: Dk=4.3; Df=0.02
Standard loss: Dk=3.7; Df=0.01
Low loss: Dk=3.4; Df=0.002

Figure 1.19. The insertion losses of the files with different materials
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The eye height comparison results between PAM4 and NRZ for all three materials
are shown Figure 1.20 and Table 1.2.
FR4
High Loss material: Dk=4.3; Df=0.02

NRZ
PAM4

IS415
Standard Loss material: Dk=3.7; Df=0.01

NRZ
PAM4

MEG6
Low Loss material: Dk=3.4; Df=0.002

NRZ
PAM4

Figure 1.20. Eye height results comparison for the three materials
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Table 1.2. Crucial data rates and dB difference for the three materials
High Loss

Stand. Loss

Low Loss

Data rate (Gbps)

9.5

13.7

29.8

dB Difference

9.7

9.6

11.2

The crucial data rate decreases from 27.5Gbps to 10.9Gbps when the material Df
value increases from 0.001 to 0.02. So PAM4 is more efficient with high loss materials and
allows more flexibility in material selection.
1.4.5. The Effect of Crosstalk. Tests with far-end crosstalk were done for boards
with one victim differential pair and two aggressors. The distance between the victim and
the aggressor equals to 3h, 6h, 9h and 12h, where h is the dielectric height as shown in
Figure 1.21. The insertion losses and the corresponding crosstalk for all four cases are
shown in Figure 1.22. It can been seen that the crosstalk is quite strong in the 3h case but
very weak in the 12h case. Results are shown in Figure 1.23 and Figure 1.24.

Figure 1.21. The structure of the boards for crosstalk tests

Magnitude(dB)

Magnitude(dB)

Magnitude(dB)

Magnitude(dB)
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Figure 1.22. Insertion losses of victim and far-end crosstalk of each board

Eye Height (mV)

Without Xtk

Figure 1.23. Eye height results without crosstalk
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Eye Height (mV)

With Xtk

Figure 1.24. Eye height results with crosstalk
The eye height results without crosstalk from 10Gbps to 35Gbps with 5-tap are
shown in Figure 1.23. And Figure 1.24 shows the eye height results when crosstalk noise
are added. After adding crosstalk, the crucial data rate tends to start later than the cases
without crosstalk.
PAM4 and NRZ eye heights closing in percentage caused by crosstalk are also

Eye Height drop (%)

Eye Height drop (%)

compared in Figure 1.25 and Figure 1.26.

Figure 1.25. Eye heights closing in percentage for 3h and 6h cases

Eye Height drop (%)

Eye Height drop (%)
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Figure 1.26. Eye heights closing in percentage for 9h and 12h cases
For all 4 cases, the PAM4 eye closing in percentage is larger than NRZ from
10Gbps to 35Gbps. Since crosstalk is additional voltage noise, it is added to 4 different
levels for PAM4 but only added to 2 levels for NRZ. As a result, PAM4 eye gets closed
more than NRZ, and the crucial data rate starts later due to the crosstalk effect.
1.4.6. Results Comparison with Via Stubs.

Test were carried out for the

channels with 10, 30, 50, 70, and 90mils via stubs from 10 to 32Gbps. The insertion losses
are shown in Figure 1.27.
The eye height and crucial data rate results as shown in Figure 1.28 and Table 1.3
indicate that increasing via stub gives more advantage to PAM4. Since the Nyquist
frequency of PAM4 is only one fourth of the frequency bandwidth, it is easier to locate
before the resonance caused by via stubs. And the channel frequency response before the
fundamental frequency is generally more critical than the harmonics, so PAM4 has more
advantage when there is high frequency resonance in the channel. It also means PAM4 has
more flexibility in real design, as NRZ requires very short via stubs in manufacturing while
PAM4 doesn’t.
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Differential IL

Figure 1.27. The insertion losses of the files with via stub

Figure 1.28. The eye openings of the five files for both NRZ and PAM4
Table 1.3. Crucial data rates and dB differences for tests with via stub
10 mils

30 mils

50 mils

70 mils

90 mils

Data rates (Gbps)

28.6

27

25.5

22.2

19

dB Difference

10.7

11.2

11.7

11.4

11.6
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1.5. CONCLUSIONS
Simulation results confirm that PAM4 gives better results with more lossy materials
and this advantage increases proportionally to channel loss. PAM4 shows its advantages
over NRZ when there are via stubs in the serial link, but it is also affected more by
additional reflection loss. Since the crosstalk noise is added to all 4 levels for PAM4, PAM4
is affected more by the crosstalk effect. After adding crosstalk noise, PAM4 eye gets closed
more and the crucial data rate tends to start later.
FFE for PAM4 is generally the same as for NRZ, but PAM4 is easier to have
overshooting issue and more sensitive to tap values. When DFE is used in combination
with FFE, its effectiveness for PAM4 increases, if FFE tap coefficients are chosen in order
to avoid overshooting. If maximum optimized FFE coefficients are chosen, DFE loses its
effectiveness and the obtained eye height is smaller.
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2. CHARACTERISTIC IMPEDANCE EXTRACTION FROM A TRANSMISSION
LINE WITH MESHED GROUND PLANES
2.1. INTRODUCTION AND SIMULATION METHODLOGY
Meshed power and ground planes have been widely used in today’s flexible PCB
designs to satisfy repeatability installation and reliability requirements[18]. And in some
industrial process, only the meshed ground planes are allowed due to the manufacturing
limitations.
A transmission line referenced to a meshed ground plane is a periodically varying
structure, so its cross-section changes along the line. Therefore, its characteristic
impedance also changes marginally along the signal propagation direction because the
dimension of a single aperture is usually comparable to the trace width [14][15]. So it is
reasonable to use effective characteristic impedance to quantify its electrical property.
A typical example of a transmission line with a meshed ground plane is shown in
Figure 2.1. The red line is the signal trace and the yellow lines represent the meshed ground
planes.

Figure 2.1. Top view of a meshed ground transmission line
In this project, HFSS is used to do full-wave simulation. Figure 2.2 shows the top
view of the simulation model. A certain length of transmission line with solid ground line
is added to each end of the transmission line with meshed ground plane since a wave port
can’t be well-defined directly at the end of a meshed ground transmission line. Then a wave
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port is defined at the end of the solid ground transmission line. The added transmission
lines with solid ground planes are eventually de-embedded to obtain the S-parameters of
the transmission lines with meshed ground planes.

Figure 2.2. Wave port and de-embedding setting
The simulation setups, including the wave port and de-embedding settings, can be
validated by cascading the de-embedded results of two lines with the length of L1 and L2
and then comparing with the de-embedded results of another line with the length of L1 +
L2. Figure 2.3 shows the comparison of the results of a 42mm line and the cascaded results
of a 28mm line and a 14mm line.
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Figure 2.3. The comparison of cascaded S-parameters and directly simulated Sparameters
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Figure 2.3. The comparison of cascaded S-parameters and directly simulated Sparameters (cont.)

2.2. CHARACTERISTIC IMPEDANCE EXTRACTION FROM FULL-WAVE
SIMULATION
The characteristic impedance of a transmission line with meshed ground plane can
be extracted from the simulated S-parameters.
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2.2.1. Extraction Methodology. First, S-parameters are obtained from full-wave
simulations. Then the ABCD matrix of this structure can be determined from Sparameters.

A

(1  S11 )(1  S 22 )  S12 S 21
2 S21

B  Zn

(1  S11 )(1  S 22 )  S12 S 21
2S 21

1 (1  S11 )(1  S 22 )  S12 S 21
C
Zn
2S 21
D

(4)

(1  S11 )(1  S 22 )  S12 S 21
2 S21

Where Zn is the port reference impedance.
For a transmission line, its ABCD matrix can be written in terms of its characteristic
impedance and propagation constant.
 cosh  l
A B 
C D    1 sinh  l

 Z
 0

Z 0 sinh  l 

cosh  l 


(5)

Where Z0, γ and l are the characteristic impedance, propagation constant and length
of the line respectively.
So the characteristic impedance and propagation constant of a transmission line can
be calculated from its ABCD-parameters.

Z0 

B
C

(6)

1
  cosh 1 A
l
However, the magnitude of Z0 obtained from this equation usually jumps up and
down near some frequencies. This is because the C-parameter is a hyperbolic sine function,
its magnitude has peak points and zero points as shown in Figure 2.4. Near the zero points

27

the magnitude of C-parameter is very small so it is extremely sensitive to noise or
numerical error. The peak points are less sensitive hence it is reasonable to use these points
to improve the results.

Figure 2.4. Peak points and zero points in C-parameter
The fitting algorithm is based on W-Element transmission line model to obtain the
per-unit-length RLGC parameters. The W-Element transmission line equation is:
dV
 [ R0  R f f (1  j )  j 2 fLpul ]I
dx
dI
 [G0  G f f  j 2 fCpul ]V
dx

(7)

Where R0, Rf, G0, Gf are all frequency independent parameters. The per-unit-length
impedance and admittance of the line are:
Z  R0  R f

f (1  j )  j 2 fLpul

Y  G0  G f f  j 2 fC pul

(8)

If the peak points in the C-parameter satisfy this equation, two sets of equations can
be constructed. As they are complex equations, the real part of them are taken first.
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1



1
1


1

f1 
 Real (Z1 ) 
  R0  

   

  R f   Real (Z ) 
n 

f n 

(9)

f1 
 Real (Y1 ) 
  G0   

 G f  

f n     Real (Yn ) 

Where fn are the frequencies of the peak points in the C-parameter, and Zn, Yn are
the corresponding per-unit-length impedance and admittance values at these frequencies.
From equation (6), the characteristic impedance and propagation constant can be obtained
from ABCD-parameters. According to equation (10), the per-unit-length impedance and
admittance can also be obtained from ABCD-parameters as shown in equation (11).
Z  Z0  

(10)

Y   / Z0
Zn 

1 Bn
 cosh 1 An
l Cn

(11)

1 Cn
Yn 
 cosh 1 An
l Bn

Where An, Bn and Cn are A-parameter, B-parameter and C-parameter at these
frequencies respectively, l is the length of the transmission line.
The next step is to solve equation (9) for the least-square solution with constraints
that R0, Rf, G0, Gf are all non-negative values.
From the imaginary part of equation (8), the per-unit-length L and C can be
calculated by equation (12).
2 f n Ln, pul  R f

f n  imag (Zn )

2 f nCn, pul  imag (Yn )

(12)
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There are n solutions for these two sets of equations. The average value is taken as
the estimated per-unit-length inductance and capacitance of the transmission line.
From the RLGC parameters obtained at the previous steps, the characteristic
impedance can be calculated as:
Z 0,extracted 

R0  R f

f (1  j )  j 2 fLpul

(13)

G0  G f f  j 2 fC pul

2.2.2. Validation with Full-Wave Simulation.

To validate this effective

characteristic impedance extraction methodology, a test model is built as shown in Figure
2.5. A trace is referenced to a meshed ground plane. The distance between the trace and
the meshed reference plane, h1, is 8μm. The thickness of the trace, t, is 6μm and the
distance between the trace and the solid plane, h2, is set to 37μm. Although there is another
complete plane above the trace, the trace is much closer to the meshed plane so its electrical
properties is still dominated by the meshed ground plane. The geometric parameters of this
example are described as follows. The diagonal pattern dimension, a, is 1.4mm; hole to
hole distance, b, is 70μm. The dielectric constant of the material is 3.2 and the loss tangent
is 0.035.

Figure 2.5. Geometry of the example
When trace width is 70μm, the extracted effective characteristic impedance at
5GHz is 45.67Ω. The magnitude of the effective characteristic impedance in frequency
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domain is plotted in Figure 2.6. The impedance value increases when the frequency gets
lower and gradually gets converged at high frequencies, which follows the physics. The
corresponding effective per-unit-length RLGC parameters are: Lpul = 288.58nH/m, Cpul =
139.9pF/m, R0 = 11Ω/m, G0 = 0S/m, Rf =0.0014 Ω/m-sqrt(Hz) and Gf = 2.25e-11S/m-Hz.
In order to verify this equivalent transmission model, S-parameters for this 21mm trace is
recalculated from the extracted per-unit-length RLGC parameters and compare with fullwave simulations. Figure 2.7 shows the comparison of the S-parameter obtained by fullwave simulations and the above methodology. Figure 2.8 shows the comparison of the
propagation constant obtained by full-wave simulations and this methodology. The results
obtained from this methodology and full-wave simulations have a good agreement in both
the magnitude and the phase of the insertion loss. Though there is some discrepancy in
return loss, the levels are quite close. The extracted propagation constant also agrees with
the simulation data, which further validates this approach.
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Figure 2.6. The effective characteristic impedance
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Figure 2.7. Comparison of S-parameters, (a) magnitude of insertion loss, (b) phase of
insertion loss, (c) magnitude of return loss
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Figure 2.8. Comparison of propagation constant, (a) real part of γ (b) imaginary part of γ
Another test case is a stripline with two meshed reference layers as shown in Figure
2.9. The distance between the trace and the lower meshed reference plane, h1, is 20μm.
The thickness of the trace, t, is 10μm and the distance between the trace and the upper
meshed layer, h2, is set to 60μm. The trace width, w, is 60μm. The geometric parameters
of this example are described as follows. The diagonal pattern dimension, a, is 0.7mm;
hole to hole distance, b, is 200μm.
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For this test case, the corresponding effective per-unit-length RLGC parameters
are: Lpul = 346.83nH/m, Cpul = 122.1pF/m, R0 = 95.4Ω/m, G0 = 0S/m, Rf =0.0017 Ω/msqrt(Hz) and Gf = 1.39e-11S/m-Hz. The magnitude of the effective characteristic
impedance in frequency domain is plotted in Figure 2.10. And the comparison with fullwave simulation is shown in Figure 2.11. The results also agree with each other though
there is some deviation in S11. The discrepancy mainly comes from the approximations in
the algorithm. In these two cases, it can be shown that the extracted R term is not that
stable, though the impedance value is OK as it is mainly determined by the L term and C
term.

Figure 2.9. Geometry of the second example
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Figure 2.10. The effective characteristic impedance
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Figure 2.11. Comparison of S-parameters, (a) magnitude of insertion loss, (b) phase of
insertion loss, (c) magnitude of return loss
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To further validate this extraction methodology, the geometric impact of trace
width and mesh size is investigated. The extracted per-unit-length inductance and
capacitance of the first test case are also listed for comparison.
The trace width is increased from 30μm to 90μm gradually and the effective
characteristic impedance of each case is extracted by the algorithm described previously.
Table 2.1 summarizes the extracted per-unit-length inductance and capacitance values. The
per-unit-length inductance decreases and per-unit-length capacitance increases as trace
becomes wider, which follows the physics. As a result, the effective characteristic
impedance decreases when trace width becomes larger.
Table 2.1. Per-unit-length inductance and capacitance for different trace width
Width(μm)

PUL Inductance(nH/m)

30

426

PUL Capacitance(pF/m)
86.1

40

378

98.0

50

345

110

60

314

123

70

293

135

80

277

147

90

254

160

The effect of aperture dimension is also investigated. The diagonal distance of the
mesh pattern, a, increases from 1.6mm to 2.0mm while other parameters are fixed. Less
solid reference conductor is put beneath the trace as a increases. Consequently per-unitlength capacitance becomes smaller as shown in Table 2.2. In this example, as b is only
70μm, much smaller than a, so the variation of per-unit-length capacitance is not large
when a increases from 1.6mm to 2mm.
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Table 2.2. Per-unit-length inductance and capacitance for different a
W=90μm

PUL Inductance(nH/m)

1.6mm

254

PUL Capacitance(pF/m)
160

2.0mm

254

153

W=60μm

PUL Inductance(nH/m)

PUL Capacitance(pF/m)

1.6mm

314

123

2.0mm

315

118

2.3. IMPEDANCE ESTIMATION USING DOE METHOD
To quickly estimate the characteristic impedance of a meshed ground transmission
line when the given geometry is in a certain range, the DoE method is used. Since there are
many variables in a meshed ground transmission line, it is not practical to take all of them
into DoE. A new variable called “meshed ground factor” is introduced. The meshed ground
factor is defined as the ratio of the characteristic impedance of the meshed ground
transmission line to the solid ground transmission line. This factor is the goal of the
experimental designs. It is obvious that the meshed ground factor is a function of mesh
pattern parameters and also a function of stack-up geometry.
The expressions of the meshed ground factor for a certain stack-up in terms of the
mesh pattern parameters are first obtained from DoE. Then the expressions combined with
related stack-up parameters are calculated by linear interpolation. Finally the estimated
characteristic impedance is calculated by multiplying the characteristic impedance of the
solid ground impedance with the same geometry and the meshed ground factor.
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2.3.1. Microstrip Line.

The stack-up of a microstrip line with meshed ground

plane is shown in Figure 2.12. It is assumed that the meshed ground factor is mainly a
function of w/h1 and independent of the dielectric constant.

Figure 2.12. The stack-up of a microstrip line with meshed ground plane
For a certain w/h1 value, full-factorial design method is used to derive the meshed
ground factor’s expression in terms of the mesh pattern parameters, the a and b value in
Figure 2.13. Then when the w/h1 value is in the range, the final expression of the meshed
ground factor is calculated by linear interpolation. Finally, the meshed ground factor from
the last step is multiplied with the impedance of the solid ground transmission line from
the analytical formula to obtain the impedance of a meshed ground transmission line. The
flow of the calculation is shown in Figure 2.14.

Figure 2.13. Two mesh pattern parameters
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Figure 2.14. The flow of the calculation method for microstrip
The analytical formula of the solid ground microstrip line is[17]:

Z 0,solidground 

120

1

(

'
 r ,eff w  1.393  0.667 ln( w  1.444)
'

h1

Where  r ,eff 

h1

 r  1  r 1
2



)

2

w
(w  12 h1 )

(

w
 1) ,
h1

(14)

1
1
r
t
1
t
1
w'  w 
(4  ln(( )2  (
) 2 ))(
)
w
2
2
h
2
 (  1.1)
t

The range for the mesh size parameter is 150μm ~800μm and the range for the
ground width parameter is 30μm ~200μm. In the full-factorial design, 6 sample points are
chosen for the mesh size and 4 sample points are chosen for ground width parameter. There
are 24 experiments in one design.
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The estimated w/h1 value is between 4 and 7, the samples points are 4, 5, 6, 7. So
there are 4 expressions from 4 full-factorial designs.
To test this prediction method, some cases with random geometries are picked and
simulated in full-wave simulators, then the results from full-wave simulations are
compared with the predicted results in Table 2.3. For these cases, the differences between
the prediction and the full-wave simulation are within 5%.
Table 2.3. The comparison results for microstrip line

Case1

Full-wave

Prediction

Relative error

58.0064Ω

58.67Ω

1.15%

60.8226Ω

63.3Ω

4.1%

72.5327Ω

74.79Ω

3.1%

63.9217Ω

66.26Ω

3.66%

52.5013Ω

54.75Ω

4.3%

58.1671Ω

60.44Ω

3.9%

a=400μm, b=200μm
Case2
a=500μm, b=155μm
Case3
a=600μm, b=80μm
Case4
a=400μm, b=160μm
Case5
a=360μm, b=200μm
Case6
a=420μm, b=150μm
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2.3.2. Strip Line. The stack-up of a strip line with meshed ground plane is shown
in Figure 2.15. It is assumed that the meshed ground factor is mainly a function of w/h1 and
h2/h1 independent of the dielectric constant.

Figure 2.15. The stack-up of a strip line with meshed ground plane
Similarly, for a certain w/h1 and h2/h1 value, full-factorial design method is used to
derive the meshed ground factor’s expression in terms of the mesh pattern parameters, the
a and b value in Figure 2.13. Then when the w/h1 value is in the range, the final expression
of the meshed ground factor is calculated by linear interpolation.
The analytical formula of the solid ground strip line is[17]:
Z 0,solidground 

Cf 

Where

0
1
(
)
 r w / b  w / b  2C
f

 
1



(2ln

1
1
t
cl

(F( )  F( )))
 (   )  (   ) 2b
b

F(x) = (1- 2 x)((1- x) ln(1- x) - xlnx)



cl t
t
bs
 ,   1  , cl 
b 2b
b
2

Where b, s, t are shown in Figure 2.16

(15)
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Figure 2.16. Illustration of the variables used in the analytical formula
The comparison results are in Table 2.4.
Table 2.4. The comparison results for strip line

Case1

Full-wave

Prediction

Relative error

55.3137Ω

56.1575Ω

1.53%

62.3139Ω

61.0509Ω

2%

51.748Ω

50.693Ω

2%

a=290μm, b=150μm
Case2
a=400μm, b=150μm
Case3
a=300μm, b=200μm

2.4. CONCLUSIONS
Effective characteristic impedance of a transmission line referenced to a meshed
ground plane is extracted from an equivalent transmission line model based fitting
methodology. The validity of this methodology has been confirmed with the results from
full-wave simulations. The extracted per-unit-length inductance and capacitance also
follow the physical trend when geometry changes. The drawback of this method is that it
assumes the full-wave simulation results at some frequency points are correct and accurate,
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which may not always be true. As the data at these frequency points are used in fitting, the
accuracy of the extracted results may be compromised if the assumption is not satisfied.
To predict the characteristic impedance without running a full-wave simulation
when the geometry is in a given range, the above fitting method is combined with DoE
method. By doing full-factorial design and interpolation, the meshed ground factor is
obtained. Finally the factor is multiplied with the characteristic impedance of solid ground
transmission lines from analytical formulas to get the predicted characteristic impedance
of meshed ground transmission line.
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